The radiative improved (RI) mode at TEXTOR is a high confinement regime, which is obtained by the seeding of neon into deuterium plasmas. Recent experiments were aimed to study the influence of external gas fuelling on the confinement properties of the RI mode. In particular, it was found that a hydrogen puff into such plasmas leads to lower confinement compared with the discharges fuelled with the same amount of deuterium gas. This paper attempts to explain the reduction of confinement in RI plasmas with an external hydrogen puff and its relation to the level of impurity concentration, which is a critical parameter for RI mode confinement.
Introduction
The degradation of energy confinement with reduced atomic mass of the working gas is a common feature observed in diverse operational modes in tokamaks. In low (L) and high (H) confinement modes, the energy confinement timescales approximately as a square root of the atomic mass A i . In the radiative improved (RI) mode at TEXTOR, the confinement degradation caused by puffing of hydrogen is even stronger than A 0.5 i [1] . This fact suggests that in the case of the RI mode some other effects, leading to stronger degradation, should be of importance.
A correlation of the confinement quality with the plasma edge properties was found in many tokamak devices. In the RI mode, the degradation of confinement caused by strong deuterium fuelling by a gas puff occurs due to intensification of anomalous transport at the plasma edge accompanied by an increase in the recycling flux [2, 3, 5] . Experiments done with hydrogen fuelling show a similar correlation of energy confinement with recycling flux: higher recycling corresponds to lower confinement [1] . Thus, it is reasonable to suppose that the mechanism leading to confinement degradation is similar in both cases.
This paper discusses the mechanism of confinement deterioration in deuterium plasmas fuelled by hydrogen puffing on the basis of experimental observations on TEXTOR and based on the results of computations done with one-dimensional transport code RITM [4] . By comparing with the case of confinement degradation caused by a strong deuterium puff [3] common limitations for plasma fuelling with a gas puff are considered.
Confinement properties of RI plasmas fuelled by deuterium and hydrogen gas puffs
As was demonstrated in [1] , a hydrogen puff in the RI mode leads to lower electron density and reduced energy confinement compared to discharges fuelled with the same amount of deuterium gas. Figure 1 presents the evolution of energy confinement time in two discharges fuelled during the RI mode stage by hydrogen and deuterium gas puffs. τ E is shown as a function of Greenwald number, n/n Gr , increasing during the fuelling, where n Gr = I p /π a 2 (10 20 m −3 ), I p is the plasma current in mega-Amperes and a the minor radius in metres. With a hydrogen puff the energy confinement time saturates at a low level and a lower density can thus be finally achieved. It is reasonable to ask: can these results be explained only by the dependence of confinement properties on isotope composition like that observed in L and H modes?
As was shown in [7] , the main transport channel in the RI mode is due to the dissipative trapped electron (DTE) instability. Therefore, the transport should not, necessarily, have the same dependence on the atomic mass as under L or H mode conditions, where the transport is mainly due to ion temperature gradient (ITG) instability [10] . Moreover, D 2 /H 2 puff experiments were performed in deuterium plasmas with deuterium neutral beam injection, the amount of puffed gas does not exceed a small percentage of total recycling flux and should not change the isotope composition in the centre of plasma significantly, which might have been the reason for confinement deterioration. But the change of the atomic mass can be pronounced at the plasma edge, and thus the transport properties can differ significantly in plasmas with D 2 and H 2 puffs. Figure 2 compares time traces of two discharges heated with 1 MW of deuterium neutral beam and fuelled with deuterium (black curves) and hydrogen (grey curves). The correlation of the confinement properties to the recycling flux during the gas blowing phase (times 1.7-2.2 s) in these plasmas is similar to that observed in experiments with different intensities of deuterium puffs. The degradation of confinement in discharges fuelled with hydrogen, as seen from the trace of the enhancement factor with respect to ITER98Y2 scaling, f 98Y 2 , happens simultaneously with increasing recycling flux being proportional to the edge neutral pressure. Figure 3 shows an example of confinement degradation triggered by intense deuterium injection. In a discharge, where the intensity of the deuterium puff was strongly increased at a time of 1.9 s, the degradation of the plasma energy content also occurs simultaneously with the intensification of the recycling flux (see also figure 2 ).
The correlation of the global confinement with the recycling flux observed in both cases supports a similar mechanism leading to confinement degradation. In [5] , it was demonstrated that a strong deuterium puff affects the core confinement through an intensification of edge turbulence, which is the cause for an increase in the recycling flux. Higher edge transport leads to a pump out of the puffed impurity and a reduction of its content in the plasma core. This causes a restart of ITG instability suppressed by the neon injection, the density profile becomes flatter, as is observed experimentally under conditions of strong deuterium puffs, and energy confinement degrades. Figure 4 presents the profiles of density and effective charge for two discharges shown in figure 2 at times 1.5 s (before the puff) and 2.0 s (during the puff). For the evaluation of the electron density profiles a nine-channel interferometer was used. The electron density is measured with an accuracy of ≈10%. The Z eff profiles are obtained by measuring the bremsstrahlung in the visible range, by scanning one poloidal cross-section with a tilting mirror. The main source of error on the Z eff profile was assumed to be the uncertainty of the ratio of the edge bremsstrahlung emissivity to the total continuum emissivity. To quantify the effect of this uncertainty on the profile we used the technique described in [15] , a random error was introduced in the edge of an arbitrary emissivity profile. This adapted profile was then integrated along a set of chords from which a new profile was reconstructed. It was seen that, although the introduced error on the original edge emissivity profile was considerable, the effect on the resulting Z eff profile outside the edge region was only limited. Therefore, the conclusion on the general tendency of Z eff in the core plasma seems to be justified with an error of 20%.
The most remarkable difference between discharges fuelled with deuterium (dashed curves) and hydrogen (solid curves) occurs with respect to the level of Z eff , which decreases noticeably in the case of hydrogen puffing. In both discharges, the shape of the density profile does not change during the density ramp by puffing and the profiles remain strongly peaked. Although the impurity content reduces in discharge fuelled with hydrogen, the critical temperature gradients for the ITG mode do not change significantly and remain larger than the measured ones. Thus, one cannot interpret the confinement degradation as a result of the restart of ITG instability.
As was mentioned earlier, transport in the RI mode is governed mainly by the DTE instability [6] and depends on the effective collision frequency of trapped electrons, ν e,eff = R/τ ei r:
where τ ei is the electron-ion collision time, R and r are the major and minor plasma radii, respectively, ρ s the ion Larmor radius, f tr the fraction of trapped particles, ω * = (cT e k ⊥,max /eB)(−d ln n e /dr) the drift frequency and η e the ratio of e-folding lengths for the electron density and temperature. The reduction of Z eff during the hydrogen puff leads to a decrease of the collision frequency and a proportional increase of the transport driven by the DTE unstable modes. This fact might explain the confinement deterioration observed experimentally. In order to check this possibility, we have performed computations with the onedimensional transport code RITM [4] . This code was earlier successfully applied to interpret the effect of strong deuterium puff on confinement in the RI mode [3] .
Modelling with one-dimensional RITM-code
The one-dimensional transport code RITM allows a self-consistent simulation of the particle and heat transport in the entire cross-section of the plasma from the axis to the last closed magnetic surface (LCMS), including the very plasma edge where particle sources, due to recycling, are of importance. It solves fluid-type equations for electrons and impurity ions, in which the diffusive and convective components of the total fluxes are included. For the background ions the quasi-neutrality conditions are assumed. The transport coefficients are determined in mixing length approximation from the growth rate and perpendicular wavenumber of the most unstable modes [3] [4] [5] . Three kinds of instabilities are normally contributions to be taken into account. In the plasma core, the largest are from DTE (see equation (1)) and ITG unstable modes: the characteristic diffusion coefficients for electrons and impurity ions are
At the plasma edge, the transport is governed mainly by drift resistive ballooning (DRB) instability [11] with:
The anomalous particle pinch velocity, assumed for electrons, is mainly due to the magnetic shear [12, 13] :
where q is a safety factor. The small factor ε = 4r/3R reflects a relatively weak effect on convection of instabilities caused by ion dynamics, in particular, ITG instability [12, 13] . For impurity particles we adopt a neoclassical pinch velocity, which is caused by the density and temperature gradients of the background ions [14] . The influx of puffed hydrogen molecules does not exceed the percentage of the recycling deuterium flux. Therefore, deuterium is always considered as a single background species in the plasma. However, at the local position of puffing the concentration of the hydrogen particles can be close to 100%. Recently, it was demonstrated that edge anomalous transport can be significantly influenced by the local plasma state in the vicinity of the gas puff location [8] . In order to explain the higher recycling flux observed in the experiment with hydrogen fuelling (see figure 2) , we have presumed that the edge transport is somewhat higher under these conditions than in the case of deuterium puff when it is described by equation (3). Figure 5 shows the time traces of density, edge diffusion, recycling flux and diamagnetic energy modelled with RITM code. The same intensity of neutral gas puffing was assumed, but in the computation represented by solid curves, simultaneously with the gas puffing starting at 0.7 s, a 15% increase in the edge transport was assumed. In both discharges the gas puff leads to the same increase of the line-averaged density. In the case with the higher edge transport the latter causes larger recycling flux and lower impurity density. Figure 6 shows the final profiles of the electron density, Z eff and transport coefficients induced by different instabilities for discharges shown in figure 5 . The solid curves obtained with the edge particle diffusion, which is 15% larger than that given in equation (3), demonstrate the reduction of Z eff and a proportional increase of DTE-induced transport.
The drop of Z eff can be understood if we take into account that in a steady state the influx of puffed neon neutrals should be balanced by the outflow of the ions. The latter can be estimated as [9] D ⊥ (n I /l 0 ), where D ⊥ is the edge particle diffusivity, l 0 the penetration depth of impurity neutrals and n I the impurity ion density in the plasma. Thus, by increasing the edge transport one diminishes the impurity content. This leads to a growth of the transport in the plasma core due to DTE unstable modes and to the reduction of the plasma energy content.
The contribution from ITG instability to the total transport does not change noticeably because the peaked shape of the density profile is not affected by the small change in the edge transport. Therefore, ITG turbulence remains suppressed by the density gradient in the main part of the minor radius.
It is reasonable to pose the question: is there any possibility to avoid the negative impact of hydrogen fuelling on confinement? If the reduction of confinement occurs due to a decrease of Z eff , the obvious way to prevent this is to keep impurity concentration on the same level as before the hydrogen puff.
To simulate this possibility, we have done the following numerical experiment by using the RITM code: in a discharge with a higher edge transport during the gas puff phase, which represents the case of hydrogen injection, the level of impurity puffing was doubled. Figure 7 shows the time traces of edge diffusion and recycling flux. In computations represented by the black dashed curve at time = 1.2 s, the neon puff was increased by a factor of two. This leads to the reduction of the edge transport and the recycling flux towards the level observed in discharge without confinement degradation. As a result of decreased diffusion and under conditions of weakly changing pinch velocity (assumed neoclassical for impurities), Z eff recovers to its previous level (see figure 8 ) and transport driven by DTE instability decreases. This procedure allows hydrogen fuelled plasmas to recover the confinement properties of discharges with deuterium puffs. To test this idea tentatively new experiments are needed. But already from previous experiments it is possible to conclude that the energy confinement in discharges with more intense neon puffing is less affected by hydrogen injection. Figure 9 compares the evolution of energy confinement time versus Greenwald number for two discharges fuelled with hydrogen and differ by intensity of background neon puff. In discharge represented by the grey curve, the neon injection rate is 50% higher than in discharge shown by the black curve. The puff of the same amount of hydrogen gas allows to obtain higher energy confinement and also higher density in the discharge with a higher neon puffing rate. It confirms the results obtained with the RITM code: by a control of the impurity concentration it is possible to avoid or significantly reduce the confinement degradation provoked by hydrogen fuelling.
Summary
The RI mode experiments with external hydrogen and deuterium puffing into deuterium plasmas were considered in this paper. The relatively small amount of hydrogen injected into the plasma does not allow interpretation of confinement reduction as a result of decreasing atomic mass of the working gas. Such a reduction occurs due to increased DTE-driven transport in the plasma core. This happens because a higher edge transport during the hydrogen puff phase leads to the reduction of impurity content in the plasma core and proportional increase of DTE-governed transport.
The control of the Z eff level by an intensification of the neon injection during the gas puffing phase is a possible way to avoid the reduction of confinement under hydrogen puff conditions.
